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ABSTRACT 

Rapid, multi-color optical monitoring carried out for a multiwavelength campaign during 22-27 August 
2000 is presented for the bright and variable BL Lac object PKS 2005-489. Previous multiwavelength 
monitoring campaigns of PKS 2005-489 have found complex variability behavior both in flux density 
and in broadband spectrum, with different modes and timescales from days to hours. During this 
campaign, PKS 2005-489 was observed to be in an unusual state, bright in the optical but faint in the 
X-ray, just prior to an X-ray flare that began on 2 September 2000. PKS 2005-489 was also observed 
to have a flatter optical spectrum than prior epochs. A linear increase in optical flux density was 
observed during the first 5.2 days of the campaign. However, intraday and color variability were not 
detected. The large discrepancy between the ratio of X-ray to optical flux density observed during 
this campaign and that observed in prior epochs indicates a lack of long-term correlation between 
the two wavebands; and it illustrates that simple particle injection events in the jet are insufficient 
to explain the long-term variability behavior of this object. Twenty-three in-field standard stars are 
identified for future optical monitoring programs. 

Subject headings: BL Lacertae Objects: Individual: PKS 2005-489 



1. INTRODUCTION 

Multiwavelength monitoring campaigns of BL Lacs 
find complex variability behavior, involving different 
modes and likely reflecting a complex mix of jet struc- 
ture and emission mechanisms. Like other classes of 
blazars, the emission from BL Lacs is dominated from ra- 
dio to soft X-ray energies by synchrotron emission from 
an energetic plasma that is moving relativistically to- 
wards the observer. At higher energies the emission is 
likely due to inverse-Compton scattering of low-energy 
seed photons, either synchrotron emission from the jet it- 
self or from external sources. Intraday variability (IDV), 
which is typically defined as variability on timescales of 
~1 day in the source restf rame, is a common ch arac- 
teristic of BL Lac objects (Hcidt fc Wagnerl 11996(1 . al- 
though in hig h-energy peaked BL La cs (HBLs) IDV is 
less common (|Heidt fc Wagneil Il998|) . From causality 
arguments one can infer that the emission regions in BL 
Lacs are smaller than light-days modulo beaming effects, 
or roughly the size of the Solar System. From observed 
flux densities and variability timescales, brightness tem- 
pe ratures greater than the "Comptq n limit" of Tb > 10 12 
K l|Kellerman fe Pauhnv-Tothlll969|) are implied, requir- 
ing either relativistic beaming or extrinsic (propagation 
induced) sources of variability. The observed variability 
of many sources at multiple wavelengths indicates that 
at least some of the variability is intrinsic, implying ex- 
treme photon de nsities within the source as well as rela- 
tivistic beaming l| Wagner fe Witzeill 19951 and references 
therein). 

PKS 2005-489 is a bright and highly variable BL Lac 
object. It is a member of the "1 Jansky" sample of BL 
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Lacs l(Stickel et al.lll99l|) . which is defined by its bright 
radio flux density (^ghz > 1 Jy), flat radio spectrum 
(a r > —0.5; S v oc v +a ) and lack of strong emission lines 
(W x < 5A). Despite is presence in the radio-bright Uy 
sample, PKS 2005-489 is classified as an intermediate 
to high-energy peaked BL Lac object because its broad- 
band spectrum peaks in the UV. Despite the lack of de- 
tection while in a n on-flaring state during our campaign 
(|Rector et alJ l2002L its proximity (z = 0.071) and spec- 
tral energy dist ribution make PKS 2005-489 a promising, 
TeV candidate l)Costamante fc Ghiscllini 2002: Perlman 
1999). 

Its bright X-ray flux has allowed PKS 2005-489 to be 
monitored in the X-ray in detail on several occasions; and 
it has exhibited complex variability behavior. For exam- 
ple, in September 1998, there was a general increase in X- 
ray flux density over a 3-day period, with smaller o scilla- 
tions on timescales of several hours (JSambruna 200(3) ■ I n 
October-December 1998 there was a massive flare, which 
peaked at F(2-10 keV) = 3.33 x 10~ 10 erg cm" 2 s -1 . 
During the flare, no variability was detected on intra- 
day timescales, and there was very littl e shift in v pea k at 
~ IP 15 5 - 10 16 Hz l|Perlman et alll999tlTariiaferri et all 
2001). 

Based upon the past behavior of PKS 2005-489, we 
designed a multiwavelength monitoring campaign with 
the following schedule. Short (~ 2 — 3 orbit) observa- 
tions were taken with the Rossi X-Ray Timing Explorer 
(RXTE) satellite at intervals of ~ 0.5 — 1 day during 
19-26 August and 3-4 September 2000. Nearly continu- 
ous RXTE monitoring was completed from 27 August 
to 2 September 2000. Continuous optical monitoring 
was scheduled for 22-28 August at Cerro Tololo, Chile, 
Adelaide, Australia and Potchefstroom, South Africa. 
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Unfortunately it was not possible to schedule the X- 
ray and optical monitoring campaigns to be coincident. 
PKS 2005-489 was also observed in the submillimctcr by 
the Swedish-ESO Submillimetre Telescope (SEST) and 
at TeV energies with CANGAROO-II. The overall re- 
sults of the multiw avelength campaign are presented in 
iRector et al.l ()2002|) . Here we present a search for IDV 
from the optical monitoring portion of the campaign. 

2. OBSERVATION AND REDUCTION 

The optical observations for the multiwavelength 
campaign were designed to search for variability on 
timescales from minutes to days. Optical monitoring 
was completed with the CTIO 0.9 m telescope during 22- 
28 August. Unfortunately, optical monitoring could not 
be completed in Adelaide and in Potchefstroom due to 
bad weather, thereby leaving ~16 hour holes per day in 
the optical coverage. In addition, the first two nights at 
CTIO were hampered by bad weather. 

The monitoring was completed in three colors by using 
the CTIO B Tek (4201/1050), V Tek (5475/1000) and R 
Tek (6425/1500) filters. These filters are roughly equiva- 
lent to Johnson B, Johnson V and Cousins R respectively. 
Short exposures were taken in immediate succession. Ex- 
posure times varied from 30 to 150 seconds depending on 
weather conditions. Including the CCD read-out time, a 
cycle of BVR observations was completed roughly every 
five minutes during photometric conditions. PKS 2005- 
489 was observable for roughly ten hours per night, al- 
lowing over 100 datapoints per filter to be obtained on 
most nights. 

The CCD frames were overscan, bias and flat-field cor- 
rected in the standard manner. The images were shifted 
between exposures to avoid any systematic errors in 
the pixel-to-pixel calibration. Aperture photometry was 
completed on PKS 2005-489 and in-fiel d stars using the 
IRAF APPHOT package as described in lMassev & Davisl 
(1992). An aperture of 15 pixels (6") in diameter was 
chosen. 

The absolute photometric solutions were determined 
from multiple observations of Baldwin-Stone southern 
hemisph e re sec ondary spectrophotometric standards in 
iLandolti l)1992|) . The solutions were determined inde- 
pendently for each photometric night and found to be 
consistent to < 0.05 magnitudes for in-field standard 
stars. Twenty-three in-field standard stars were iden- 
tified based upon their photometric stability during the 
seven nights of the campaign. These standards are shown 
in the optical field of PKS 2005-489 in Figure □ and a 
summary of their properties is given in Table ^ The 
columns are: [1] the label in Figure [2-3] the Right 
Ascension and Declination in J2000 coordinates. The 
coordinates are accurate to better than an arcsecond; [4] 
the V magnitude; and [5-6] the B — V and V — R colors. 
Magnitude values are limited by the consistency of the 
nightly photometric solutions, and are therefore accurate 
to < 0.05. 

The magnitude and colors of PKS 2005-489 are de- 
termined relative to the in-field standards, resulting in 
an absolute photometric accuracy of ~ 0.05 magnitudes 
and an intraday relative photometric precision of < 0.015 
magnitudes. The measured flux densities are corrected 
for Galactic reddening assuming Nu — 5 x 10 20 cm~ 2 , 
which is consistent with BeppoSAX and ROSAT ob- 



servations (jPadovani et alJl200H iSambruna et al.l fl995) . 

Extinction coefficients of Ab = 0.351, Ay = 0.265 
and Ar = 0.198 are deriv e d via the methodology in 
ICardelli. Clavton fc Mathisl lfl989]) . The fl ux density 
from the host galaxy, m r = 14.52 ± 0.01 ljUrrv et alJ 
2000), is also subtracted from PKS 2005-489 by assum- 
ing standard elliptical colors of B — V = 0.96 and V — R 
= 0.61. 

3. ANALYSIS 

Figure 2 of lRector et al.l l)2002j) shows the optical vari- 
ability of PKS 2005-489 over the entire campaign, during 
which time the optical flux density increased linearly 13% 
over 5.2 days (~500 ksec), starting 22 August, and then 
remained constant during the night of 28 August. The 
X-ray flux doubled ove r roughly the same time period as 
the optical campaign ijRector et al J 12002^) . During this 
campaign PKS 2005-489 was seen in an optically bright 
state, with a mean magnitude of V = 12.456 ± 0.048 
and mean optical colors of B - V = 0.249 ± 0.010 
and V - R = 0.230 ± 0.006. This is ~1 magnitude 
brighter than in quiescent epochs (|Heidt fc Wagnerll996t 
IWall et all 119861) . There is no evidence of optical color 
variability during the campaign; ho wever there isevi- 
dence for long-term color variability. IWall 
report B - R = 0.84 ± 0.06 in September 1981 and 
B-R = 0.88 ±0.06 in August 1982, which is redder than 
the B — R k, 0.48 observed during this campaign. The 
trend for the optical spectrum to flatten during bright 
phases has be en observed in other BL Lacs as well, e.g., 
S5 0716+714 (jWagner et al.lfl99^) . The observed hard- 
ening of the spectrum may have been a precursor to the 
X-ray flare which began on 2 September 2000, unfor- 
tunatel y four days after th e optical campaign had con- 
cluded l)Rector et alJl2002|) . 

Figure|2shows the V magnitude of PKS 2005-489 dur- 
ing the sixth night of the campaign, 27 August 2000. Fig- 
ures |3 and 0] show the B — V and V — R color variability 
respectively during this time. These figures are represen- 
tative of the behavior of PKS 2005-489 during the entire 
campaign. Despite the precision of the photometry, there 
is no evidence for flux density or optical color variability 
during any night of the campaign on timescales of hours 
or shorter. Any variability on intraday timescales is at 
a level well below the la RMS error of the individual 
measurements . 

Unfortunately the RXTE observations during the cam- 
paign are mostly insufficient to search for X-ray IDV. 
Due to the failure of PCU0 on RXTE during the ob- 
servations, as well as the faintness of PKS 2005-489 at 
X-ray wavelengths during the campaign, the X-ray data 
had to be binned by 10 ksec to obtai n statistically mean - 
ingful flux density measurements l|Rector et alJ [2002) . 
However, the data are sufficient to show that the 
long-term variability behavior in the X-ray is differ- 
ent than at optical wavel engths during the c ampaign. 
As shown in Figure 1 of IRector et"aTT IpOO^ . the X- 
ray flux doubles, with no spectral change, between 19- 
25 August, remains constant during 26-27 August and 
then fades on 28 August. If the stable X-ray pe- 
riod of 26-27 August corresponds to the stable optical 
period of 28 August this indicates a ~2 day lag be- 
tween the optical and the X-ray. If this is indeed the 
case, this lag is much longer than observed in other 
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blazars llp7arJ2002HSambrunal2000UTanihata et all2001t 
lUlrich. Maraschi fc Urrvlll997h . Unfortunately the lack 
of detectable variability on short timescales prevents a 
correlation of the optical and X-ray light curves and re- 
duces this analysis to speculation. 

4. DISCUSSION 

There is no evidence for IDV in PKS 2005-489 dur- 
ing our campaign, to a relative photometric precision of 
< 0.015 magnitudes o ver a 6.2 day period. Sim ilarly, the 
optical monitoring of iHeidt fe Wagneil l)1996[) detected 
only modest variability in this source of 10.1% over a 
5.08 day period. Nor is there any evidence for optical 
color variability, although this is not unexpected as the 
synchrotron peak is at much higher energies. Previous ef- 
forts have found little color variability in the optical and 
near-IR in PKS 2005-489 a nd other HBLs despite large 
varia bility in flux density ( Fan] Il999t iTaeliaferri et alJ 
2001). 

There is no known evidence for optical IDV in this 
source at any epoch; which is not that unusual for 
HBLs, as they tend to show fewer instances of opti- 
cal IDV, and with a shorter duty cycle, than RBLs 
(|Heidt & Wagner 1998). However, intraday X -ray vari- 
ability has been seen in PKS 2005-489 on one occasion, 
during t he last two days of the 1998 September cam- 
paign of iSambrunal lj2000j) . where oscillations of ^20% 
were seen on timescales of 6- 8 hours. Other campa igns 
have not seen X-ray IDV, e.g.. lPerlman et alJ l)1999|) and 
lLamerl (|2002^ . Unfortunately PKS 2005-489 has not yet 
been monitored in the optical on short timescales during 
an X-ray outburst; thus it is not known if optical IDV 
occurs in this object during a flare, or shortly thereafter. 

On longer timescales, a linear increase in optical flux 
density of 13% was measured during the first 5.2 days of 
this campaign, just a few days prior to the X-ray outburst 
on 2 September 2000. This behavior has been seen in 
PKS 2005-489 before, when it was observed to brighten 
gradually by ^0.5 magnitudes during the month prior to 
the X-ray flare in November 1998. 

The behay i or of P KS 2005-489 reported here and in 
iRector eT al. (2002) is both similar to, and different 
from, that seen in 1998, when massive flaring activity 
was reported. The flarin g activity in 1998 consisted of 
two peaks, in September jlSambrunalfeOOOl) and Novem- 
ber ijPerlman et alJ fl999f) . Comparison of the X-ray 
lightcurves during the two 1998 peaks shows that the 2- 
6 keV flux densities were within 20% of one another; how- 
ever, very different behavior was seen above 6 keV, where 
the flux density in November was several times that seen 
at the peak of the September flare. Moreover, the char- 
acter of the variability seen at those times was quite dif- 
ferent, with hard X-ray variability on 6-8 hour timescales 
recorded in September but no intraday variability seen 
in October and November. Unfortunately not much in- 
formation exists on the optical lightcurve of PKS 2005- 
489 during those times, but an inspection of data from 
the A AVSO (J. Maffe i 2002 , private communication) as 
well as lScaltriti et alJ l)1999fl and other observers reveals 
much gentler optical variability during late 1998, with a 
nearly constant (variations < 0.2 mag) optical magnitude 
in July-early October, and then modest (0.7 magnitude) 
increases in late October and late December. Comparing 
these lightcurves to the models of lChiaberge fc Ghisellinil 



1)1999(1 indicates that the two 1998 flares probably origi- 
nated from the same physical region, one in which both 
the particle injection timescale tt n j and the 10-15 keV 
cooling timescale t coo ;,io-i5kcV were comparable to the 
light crossing time R/c of the varying region, because of 
(1) the small shift seen in v pea k 1 (2) the symmetry of the 
lightcurve during the November flare, (3) the 4-day-long 
near-plateau in the 10-15 keV lightcurve, and (4) the lack 
of response seen in the hard X-ray lightcurve until the 
November flare, which probably re-accelerated to even 
higher energies particles that had also been accelerated 
in September. 

By contrast, while the X-ray and optical lightcurves 
during our 2000 campaign did show significant vari- 
ability, for various reasons the data did not enable us 
to model changes similar to those that o c curred two 
years earlier. As reported in IRector et al.l l)2002|) . the 
X-ray lightcurve showed a smooth, monotonic increase 
by nearly a factor 2 during 19-27 August, a decrease of 
~40% on 28 August, then roughly constant flux density 
between 29 August-1 September, and then a rapid in- 
crease in flux density 2-4 September, nearly quadrupling 
the source's flux density within the final 2-day span. Un- 
fortunately, however, the source was approximately a fac- 
tor of 20 fainter than during the 1998 flare. Thus we were 
unable to observe significant X-ray spectral changes dur- 
ing the 2000 campaign. And then the sampling was too 
poor to ascertain the shape of the start of the flare on 2 
September. 

The optical lightcurve discussed here shows a smooth, 
monotonic increase of about 13% during 22-27 August. 
However, as already discussed we have no optical data 
for the latter part of the campaign when the largest X- 
ray excursions were seen. The 1998 and 2000 lightcurves 
differ in the magnitude of the X-ray varibility, which was 
over a factor 10 in hard X-rays during 1998, but was 
much less in 2000. This by itself does not yield signifi- 
cant constraints. But what is interesting about the 1998 
and 2000 lightcurves of PKS 2005-489 is that in both 
cases, the X-ray variability was of significantly greater 
amplitude and was more violent, than that seen in the 
optical. And no optical IDV was seen in cither year, 
with X-ray IDV being seen only in September 1998 but 
not during the main flare two months later, although 
in 1998 the sampling was very poor due to the poor 
visibility in September-December as well as scheduling 
constraints. This is in general agreement with what is 
predicted for synchrotron models, which predict more 
violent variability at higher frequencies, where the cool- 
ing time is shorter. However, without higher signal to 
noise we cannot use the 2000 X-ray lightcurves to place 
tighter constraints on the size of or physical conditions 
within the flaring regions in the jet of PKS 2005-489. 
Nor can we test Comptonization models with the avail- 
able dataset because PKS 2005-489 was not detected 
at TeV energies during the campaign; and the SED of 
PKS 2005-489 can be explained as synchrotron emission 
up to energie s of 20 keV and higher llPadoyani et al.l2001t 
IRector et alll200l iTaghaferri et al.ll2001^ . 

We also note that PKS 2005-489 was observed to be in 
an unusual state during this campaign, wherein its opti- 
cal flux density was as high as seen in any other epoch 
but its X-ray flux density was very faint compared to 
prior epochs. For comparison, the optical flux density for 
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PKS 2005-489 during this campaign was 0.5-1.0 magni- 
tudes brighter than measured in the October-December 
1998 campaign even though the X-ray flux density was in 
a low state, with a 2-10 keV flux densi ty comparable to 
that observed bv lSambruna et aD l|1994f l and thirty times 
fainter than the flare observed in the October-December 
1998 campaign ijPerlman et alJ ll999). In this campaign, 
and in the October-December 1998 campaign, the ob- 
served gradual increase in optical flux density was accom- 
panied by a similar increase in X-ray flux density prior to 
an X-ray outburst, suggesting a rough correlation on the 
timescales of weeks. Due to a lack of small-scale struc- 
ture in the X-ray and optical lightcurves during the two 
campaigns, it is not possible to determine a more precise 
time offset between the two wavebands. However, the 
large discrepancy between the ratio of X-ray to optical 
flux density between the two epochs indicates that the 
correlation is not long-term. 

Thus the relationship between the optical and X-ray 
emission in PKS 2005-489 is unclear. As discussed 
above, the two 1998 X-ray flares are consistent with sim- 
ple particle injection models where ti n j and t coo i t io-i5kcV 
are comparable to R/c of the varying region. As such, 
the optical peak due to synchrotron cooling is expected 
to follow the X-ray peak. In both 1998 and 2000 opti- 
cal brightening occurs prior to the X-ray flares; and un- 
fortunately optical coverage after these flares is poor or 
unavailable. On long timescales, the observed slow vari- 
ability can be consistent with particle injection models if 
the region in question is large and/or the magnetic field is 
weak. However, the large discrepancy between the ratio 
of X-ray to optical flux density observed in this epoch 
and that observed in October 1998 indicates a lack of 
long-term correlation between the two wavebands; and it 
illustrates that simple particle injection events are likely 
an insufficient explanation for the jet emission mecha- 
nism. 



of the multif r equen cy monitoring campaign reported in 
iRector et all J2002). During this campaign, PKS 2005- 
489 was observed to be in an unusual state, bright in 
the optical but faint in the X-ray, just prior to an X-ray 
flare that began on 2 September 2000. A linear increase 
in optical flux density was observed during the first 5.2 
days of the campaign. However, no optical flux density 
or color IDV was detected, although PKS 2005-489 was 
observed to have a flatter optical spectrum than in prior 
epochs. PKS 2005-489 was too faint during this cam- 
paign to search for IDV at X-ray energies. 

The two 1998 X-ray flares of PKS 2005-489 probably 
originated from the same physical region, one in which 
both the particle injection timescale and the 10-15 keV 
cooling timescale were comparable to the light crossing 
time of the varying region. The coverage of our 2000 
campaign prevents the study of the flare on 2 Septem- 
ber; however, we note that, in both the 1998 and 2000, 
the X-ray variability was of significantly greater ampli- 
tude, and was more violent, than that seen in the optical. 
And no optical IDV was seen in either year. This is in 
general agreement with what is predicted for synchrotron 
models, which predict more violent variability at higher 
frequencies, where the cooling time is shorter. 

The large discrepancy between the ratio of X-ray to 
optical flux density observed during this campaign and 
that observed in prior epochs indicates a lack of long- 
term correlation between the two wavebands; and it il- 
lustrates that simple particle injection models for the jet 
emission mechanism are insufficient to explain the long- 
term variability behavior of this object. The behavior 
of PKS 2005-489 during this and prior epochs shows a 
variety of violent and complex behavior, encouraging fu- 
ture campaigns. Twenty-three in- field standard stars are 
identified for future optical monitoring programs. 



5. CONCLUSIONS 

We have presented rapid, multi-color optical moni- 
toring carried out for a multiwavelength campaign dur- 
ing 22-27 August 2000 for the high-energy peaked BL 
Lac object PKS 2005-489. These observations are part 
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Fig. 2. — The V magnitude of PKS 2005-489 during the sixth night of the campaign. Time T = corresponds to the beginning of the 
multiwavelcngth campaign on 19 August 2000 at 11:53:04 UTC. 
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A-a 

Fig. 3. — The B — V color of PKS 2005-489 during the sixth night of the campaign. Time T = corresponds to the beginning of the 
multiwavclcngth campaign on 19 August 2000 at 11:53:04 UTC. 
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Fig. 4. — The V — R color of PKS 2005-489 during the sixth night of the campaign. Time T = corresponds to the beginning of the 
multiwavelcngth campaign on 19 August 2000 at 11:53:04 UTC. 
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Rector & Perlman 
Table 1. In-Field Standard Stars 



Star 


RA(J2000) 


Dec 


V 


B-V 


V-R 


A 


20:09:23.4 


-48:44:59 


12.89 


0.60 


0.34 


13 


20:09:11.2 


-48:45:16 


14.96 


1.16 


0.70 


C 


20:09:12.0 


-48:45:01 


14.97 


0.95 


0.57 


D 


20:08:58.7 


-48:45:18 


15.45 


0.73 


0.38 


E 


20:09:02.3 


-48:45:35 


13.11 


0.48 


0.26 


F 


20:09:22.9 


-48:45:39 


14.18 


0.78 


0.44 


G 


20:09:52.0 


-48:46:17 


14.99 


0.70 


0.38 


H 


20:09:38.6 


-48:46:18 


13.59 


0.93 


0.52 


I 


20:09:59.9 


-48:46:31 


14.97 


0.71 


0.39 


J 


20:09:04.2 


-48:46:33 


15.13 


0.69 


0.40 


K 


20:10:02.6 


-48:46:32 


13.88 


0.50 


0.28 


L 


20:09:19.0 


-48:46:44 


14.41 


0.97 


0.52 


M 


20:09:00.5 


-48:48:23 


14.81 


0.82 


0.42 


N 


20:09:07.1 


-48:48:27 


15.09 


0.65 


0.36 


O 


20:08:59.1 


-48:48:34 


14.01 


0.74 


0.40 


P 


20:09:53.0 


-48:48:42 


14.76 


0.85 


0.48 


Q 


20:09:48.7 


-48:48:52 


12.14 


0.55 


0.30 


R 


20:09:01.4 


-48:48:59 


15.04 


1.01 


0.58 


S 


20:09:00.6 


-48:49:06 


12.68 


1.19 


0.63 


T 


20:09:40.0 


-48:50:22 


14.92 


0.97 


0.53 


U 


20:09:17.7 


-48:50:57 


14.88 


0.57 


0.33 


V 


20:09:59.3 


-48:51:23 


15.41 


0.73 


0.41 


w 


20:09:50.1 


-48:51:33 


14.67 


0.60 


0.34 



